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Abstract 7 
A ship moored in a port is subjected to both the sea waves and the wash waves produced by nearby 8 
passing ships. A hybrid numerical model is proposed to estimate the transient response of a moored 9 
ship exposed to the two types of waves. The hybrid method is based on the combination of 3-D Rankine 10 
source method and impulse response theory. The 3-D Rankine source method is applied to address the 11 
wash waves and the wave-structure interactions. The transient response is subsequently simulated in 12 
time-domain with the impulse response theory. The transient effect produced by the wash wave impact 13 
loads is found to be dependent on the sea waves induced response. The transient effect becomes less 14 
significant when the sea waves induced response is strong and vice versa. Besides, the propagation 15 
distance of wash waves has a limited influence on the transient response due to the dissipation feature 16 
of the divergent wash waves. The transient response in stochastic sea waves is also investigated, which 17 
is dominated by the resonant frequency, the sea wave frequency and the wash wave varying frequency. 18 
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1. Introduction 20 
A ship moored in a port is subjected to complicated external loads, which may induce strong motions 21 
of the moored ship. When the motions become very large, marine operations must be terminated and 22 
the downtime will be consequently increased. For the safety of operation, the motions of a moored ship 23 
in a port should be investigated carefully. 24 
Kwak et al. [1] proposed a computational method to estimate the motions of a moored ship taking 25 
into consideration of the harbour resonance. The simulation results with and without harbour resonance 26 
were compared. Sakakibara and Kubo [2] investigated the low-frequency motions of a moored ship 27 
inside ports induced by the harbour resonance. Rosa-Santos et al. [3] examined how the type of fender 28 
influenced the mooring tension of a moored ship at an exposed port terminal. Xiong et al. [4] studied 29 
the shallow water effect on the motions of a moored barge with both numerical and experimental 30 
methods. The second order difference frequency force was incorporated to capture the long-period 31 
motions of the barge realistically. A critical depth for shallow water effect was clarified. In a port or 32 
coastal region, the sea waves will propagate from deep water to shallow water and the port geometry 33 
also has an influence on the wave propagation. A very popular method for wave propagation is the 34 
combination of a phase resolving wave model and a boundary element method. Bingham [5] came up 35 
with a new computational technique to predict the wave-induced motion of a moored ship. Modified 36 
Boussinesq  theory was used to assess the transformation of the waves when they propagate from deep 37 
water zone to the port. The corrected waves were subsequently used to obtain the hydrodynamic 38 
interactions.  Van der Molen and Wenneker [6] developed a combination of the Boussinesq-type wave 39 
model and the time-domain panel model to predict the motions of a moored ship in open sea. The 40 
calculation procedures were very like those applied in [5]. However, the effect of port boundaries 41 
(which cause wave reflection) was not considered in their works. Jiang et al. [7] combined the 42 
Boussinesq’s equations and the slender-body theory to investigate the wake produced by a ship. The 43 
Boussinesq’s equations were used for the far-field flow and the slender-body theory was applied for the 44 
near-field flow. They showed that the wash wave pattern depends a lot on the ship speed and bottom 45 
topography. 46 
Apart from the incident sea waves, a passing ship also causes the moored ship to move. Vantorre et 47 
al. [8] carried out model tests to investigate the hydrodyanmic interaction between a moored ship and a 48 
passing ship during overtaking operation. A model test program was launched by Mousaviraad et al. [9] 49 
to investigate the effect of configurations, speed and heading angle on ship-to-ship interactions in calm 50 
water and waves. Both works proved that the moored ship is subject to considerable hydrodynamic 51 
loads due to the passing effect induced by the other ship. Alongside with model test method, analytical 52 
and empirical approaches have been developed as well, most of which are based on the slender-body 53 
theory. Brix [10] proposed an empirical formula to estimate the maximum values of the longitudinal 54 
and the transverse forces acting on a moored ship induced by another passing ship,which is not 55 
applicable to very high speed problem. Wang [11] developed an analytical solution to the unsteady 56 
interaction of two slender floating bodies with a propagation angle of yaw. Nevertheless, the free surface 57 
disturbance was not considered in his model. Apart from the model test and the analytical approaches, 58 
the numerical simulation method is also adopted by researchers in the study of ship-to-ship interaction. 59 
Pinkster [12]  studied the wash effects of passing ships in ports. The reflection of long waves due to the 60 
interaction of wash wave and geometry of the port was considered. Yuan et al. [13] proposed a de-61 
coupled numerical model to assess the ship-to-ship interaction during overtaking operation in shallow 62 
water. A modified Sommerfeld radiation condition taking into account the Doppler shift effect was 63 
proposed and thereby their model is applicable to very low speed problem where the scattered wave 64 
could propagate in front of the advancing ship. Xu and Zou [14] used a high-order panel method to 65 
predict hydrodynamic force on a moored ship induced by a passing ship in shallow water. Calculations 66 
were conducted with different water depths and lateral distances between the two ships. An advantage 67 
of their method is that the numerical damping caused by the configuration of meshes is limited so that 68 
only a few meshes were distributed on the water surface. 69 
Until now, the majority of the studies on the response of a moored ship induced by a passing ship 70 
are based on the assumption that the two ships are arranged in close proximity and the forward speed is 71 
very low. It inherently implies that the moored ship’s motions are mainly dominated by the local wave 72 
field. As well-known [6], the wash waves produced by an advancing ship with high speed can travel a 73 
long distance with little dissipation (see Fig. 1) so that the moored ship will be subjected to substantial 74 
wash wave force even if the passing ship is far away as long as the forward speed is high enough. 75 
Nevertheless, few studies have been conducted regarding the response of a moored ship produced by 76 
the wash waves. In this work, a hybrid numerical model is developed to investigate the transient 77 
response of a ship moored in a port when a ship is passing by with high forward speed. It is assumed 78 
that the wash waves and the incident sea waves are independent from each other so that they can be 79 
addressed separately. The wash waves and their impact loads on the moored ship are simulated with a 80 
3-D boundary element method based on the Rankine Green function. Subsequently, a hydro-mooring 81 
coupled analysis is performed in time-domain to investigate the transient response of the ship under the 82 
joint action of wash waves and sea waves. This paper is organized as following: Firstly, the detailed 83 
setup of the hybrid model will be presented and followed by the description of the problem concerned. 84 
Subsequently, validation against analytical approximation and published simulation results will be 85 
conducted. Finally, this work investigates the transient responses of a moored ship under joint action of 86 
the sea waves and the wash waves induced by a passing ship. 87 
 88 
Fig. 1. The wash waves produced by an advancing ship. (Google Map. 89 
https://www.google.co.uk/maps/@1.2841423,103.7517161,382m/data=!3m1!1e3?hl=zh-CN) 90 
2. Hybrid numerical model 91 
A hybrid numerical model based on the combination of 3-D Rankine source method [15] and 92 
impulse response theory [16] is developed to simulate dynamic response of the moored ship subjected 93 
to sea waves and wash waves. Fig. 2 displays the calculation procedure of the hybrid numerical model. 94 
It is assumed that the wash waves and the sea waves are decoupled so that they can be addressed 95 
separately. The 3-D Rankine source method is used to address the wash waves and the wave-structure 96 
interaction. Afterwards, the transient response of the moored ship under the joint action of the wash 97 
waves and the sea waves is simulated with the impulse response theory. 98 
 99 
Fig. 2. Sketch of the hybrid numerical model. 100 
2.1. 3-D Rankine source method 101 
2.1.1. Coordinate system 102 
As shown in Fig. 9, two coordinate systems are selected. The first coordinate system O-XYZ is a 103 
fixed coordinate, with the positive Z axis pointing upwards. The origin O is located exactly on the calm 104 
free surface and right above the CoG (centre of gravity) of the motionless ship. The second coordinate 105 
system O0-X0Y0Z0 is fixed to the passing ship with the positive Z0 axis pointing upwards as well. 106 
2.1.2. Boundary value problem 107 
Assuming that the fluid is ideal, the velocity potential is used to describe the flow at any point within 108 
the fluid domain. It is well-known that the velocity potential satisfies the Laplace equation in the fluid 109 
domain, and therefore the calculation of velocity potential is transformed to the boundary value problem. 110 
Fig. 3 illustrates the boundary of the fluid domain. The length of the fluid domain is 600m and the width 111 
is 260m. The vertical size, namely the water depth, is 10 m. 112 
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Fig. 3. Boundary of fluid domain. 114 
The wash wave potential 𝜑𝑠 is dealt with in the body-fixed coordinate system O0-X0Y0Z0 that moves 115 
together with the passing ship. 116 
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where u is the forward speed of the passing ship. n = (n1, n2, n3) is the unit normal vector inward on the 118 
ship body surface and H is the water depth. Once the wash wave potential 𝜑𝑠 is obtained, the wash wave 119 
impact loads acting on the moored ship are given by 120 
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in which ρ is the water density and S is the wetted surface of the moored ship. The generalized normal 122 
vector 𝑛𝑖 is defined as 123 
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where r = (x, y, z) is the position vector. 125 
The radiation/diffraction potentials of sea waves are addressed in the global coordinate system O-126 
XYZ. The hydrodynamic interaction between the moored ship and the passing ship is neglected due to 127 
the long distance. The boundary value formula of radiation potential is given by 128 
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with ω is the frequency of the incident sea wave and k is the wave number. 130 
The boundary value formula of diffraction potential is given by 131 
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where the incident sea wave potential is given by  133 
 ( cos sin )
0
cosh( )
cosh( )
ik x yg kz kH e
i kH
 

      (6) 134 
Once the radiation potential and the diffraction potential of the moored ship are obtained, the sea 135 
wave excitation forces 𝑓𝑗
𝑒𝑥𝑡, the added mass 𝜇𝑖𝑗 and the potential damping 𝜆𝑖𝑗 are given by 136 
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As shown in Eq. (1), the second derivate of the wash wave potential appears in the free surface 140 
boundary condition, which should be handled with special care. Longuet-Higgins and Cokelet [17] 141 
found that the analytical expression of the second derivate term could lead to a saw-toothed wave pattern. 142 
Similar problem was reported by Xu and Yue [18] as well. Consequently, the second-order upwind 143 
difference scheme proposed by Bunnik [19] is used to represent the second derivate term 144 
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 146 
Fig. 4. Second-order upwind difference scheme. 147 
In principle, it is required that the Rankine source should be distributed exactly on the undisturbed 148 
free surface. Nevertheless, a desingularized method is commonly used which raises the elements on 149 
free water surface a short distance upwards (see Fig. 5) [20]. Meanwhile, the collocation points, where 150 
boundary condition is satisfied, still stay exactly on the calm free surface. A raised distance ∇z = √𝑆 151 
suggested by Zhang et al. [21] is selected, where S is the local element area. 152 
 153 
Fig. 5. Raise of the free surface. 154 
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In the present study, the linear Rankine source is used. Assuming that the source strength σ(ξ) is 155 
uniformly distributed across the panel (ξ is the positon vector of point on the entire fluid boundary Stotal), 156 
the velocity potential at point r within the fluid domain is expressed as  157 
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where G(r, ξ) is the Rankine-type Green function 159 
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Combining Eq. (11) into the boundary value formulas, the source strength can be calculated and the 161 
potential at any point of the fluid domain is known. 162 
2.1.3. Re-meshing algorithm 163 
Ship passing ship is a moving boundary problem by nature. It requires update of the free surface 164 
truncation at each time step and the boundary value problem should be solved alongside with the update 165 
of mesh distribution on the free surface. A re-meshing algorithm based on the concepts of local mesh 166 
and global mesh is developed. The local mesh is body-fixed and moves with the ship throughout the 167 
passing process. Comparatively, the global mesh can be understood as a kind of background mesh, 168 
which is fixed to the selected coordinate system. The essential idea of the re-meshing algorithm is to 169 
use the local mesh to overlap the global mesh and the complicated re-meshing problem will be 170 
converted in this way to a simple connection operation. 171 
 172 
Fig. 6. Local mesh. 173 
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Fig. 7. Merged mesh. 175 
2.2. Impulse response theory 176 
The time-domain motion equation of a moored ship in waves is given by, 177 
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where M is the mass matrix of the moored ship, 𝜇(∞) is the added mass matrix at infinite frequency, 179 
x(t), ?̇?(t) and ?̈?(t) are the displacement, velocity and acceleration vectors, C is the static restoring 180 
stiffness matrix, ℎ𝑖𝑗(t) is known as the retardation function, which can be represented by either added 181 
mass or potential damping 182 
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𝑓𝑖(t) are the resultant external forces, including the wash wave impact loads, the linear sea wave 184 
excitation forces and the hawser-fender tension forces. The wash wave impact loads and the sea wave 185 
excitation forces are addressed with the 3-D Rankine source method (Eq. (2) and Eq. (7)). 186 
The fender is simulated numerically with a linear-spring model, which is assumed to possess 187 
restoring stiffness on sway and roll modes merely. The restoring stiffness matrix of the fender is given 188 
by 189 
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The hawser is simulated with a lumped-mass approach.  As shown in Fig. 8, the hawser is divided 191 
into a series of evenly-sized segments, which are represented by connected nodes and spring and damper 192 
systems. Each segment is divided into two components and the properties are assigned and lumped to 193 
X Y
Z
the two nodes at each end of that segment, respectively. The connections between the adjacent nodes 194 
are represented by damper-spring systems. In this study, the lumped-mass approach merely models the 195 
axial properties of the mooring lines while the torsional and bending properties are neglected. The wave 196 
kinematics effect and any other external loads are also ignored in the lumped-mas model. Details of the 197 
basic equations and the calculation procedures can be found in [22]. 198 
 199 
Fig. 8. Lumped-mass model of hawser. 200 
3. Model description 201 
As shown in Fig. 9, a ship is passing by a moored ship with high speed. The movement of the passing 202 
ship sets up wash waves emanating from the bow and stern of the ship which consists of the transverse 203 
waves and the divergent waves. Meanwhile, the ship is also subjected to the sea waves. The water depth 204 
is set to 10 m. 205 
 206 
Fig. 9. Sketch of a ship passing a ship moored at port. 207 
Node 1
Node 2
Node 3
Segment 1
Segment 2
Divergent wave
Transverse wave
X
Y
O
sea wave
harbour bank
sea bed
passing ship
moored ship
X0
Y0
O0
123456
The passing ship is a Wigley vessel with the main dimensions listed in Table 1. It is enforced to 208 
travel along positive X direction with a constant forward speed. No oscillating motions of the passing 209 
ship are allowed. The lateral distance dt between the two ships is set to a large value. Considering the 210 
large lateral distance, the hydrodynamic interaction of the two ships is neglected. 211 
 212 
Table 1 Main dimensions of the passing ship. 213 
Parameter Value 
Length (L1) 30 m 
Breath (B1) 6 m 
Draft (D1) 1.875 m 
 214 
The ship is moored in the port through the hawser-fender system. The gap width between the moored 215 
ship and the port bank is 13 m. The main dimensions of the moored ship are listed in Table 2. Properties 216 
of the hawser lines are shown in Table 3. 217 
Table 2 Main dimensions of the moored ship. 218 
Parameter Value 
Length (L2) 120 m 
Breath (B2) 14 m 
Draft (D2) 4.5 m 
Centre of gravity (CoG) below still water surface 0.5 m 
Displacement (V) 7,773 m3 
Roll inertia moment (Ixx) 2.35×107 kg∙m2 
Pitch inertia moment (Iyy) 1.04×1010 kg∙m2 
Yaw inertia moment (Izz) 1.17×1010 kg∙m2 
 219 
Table 3 Properties of the hawser lines. 220 
 Diameter Density EA 
Upstretched 
length 
Fairlead Anchor 
Hawser 1 
0.052 m 10.3 kg 3120 kN 
28.8 m (50 m, 7 m 2 m) (74 m, 24 m 1 m) 
Hawser 2 16.8 m (50 m, 7 m 2 m) (50 m, 24 m 1 m) 
Hawser 3 28.8m (50 m, 7 m 2 m) (26 m, 24 m 1 m) 
Hawser 4 28.8 m (-50 m, 7 m 2 m) (-26 m, 24 m 1 m) 
Hawser 5 16.8 m (-50 m, 7 m 2 m) (-50 m, 24 m 1 m) 
Hawser 6 28.8 m (-50 m, 7 m 2 m) (-74 m, 24 m 1 m) 
 221 
4. Convergence study and validation  222 
Prior to the numerical simulations, the capture of wash wave pattern is validated against published 223 
simulation results. Convergence study is also performed to seek an appropriate configuration of the 224 
calculation parameter. Two types of the convergence verification are addressed with, namely the mesh 225 
convergence and the time step convergence.  226 
4.1. Validation 227 
Analytical approximation is available to estimate the wash wave load acting on the moored ship 228 
induced by another passing ship [23]. 229 
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where Ai is the section area of ship i and Ai
’ is the sectional area slope. dt is the lateral distance between 231 
the two ships and dl is their longitudinal distance. Please note that Eq. (16) is valid on condition that 232 
the lateral distance dt is small and the ship speed u is not very high, since wave elevation effect is 233 
neglected. As shown in Fig. 10, the wave load acting on a moored Wigley ship (Ship_1) induced by 234 
another identical Wigley ship (Ship_2) with speed u is calculated by the present simulation tool, and 235 
will be compared with Eq. (16) for validation. The main dimensions of the two Wigley ships are 236 
identical to those presented in Table 1. 237 
 238 
Fig. 10. Sketch of ship-to-ship interaction. 239 
Fig. 11 plots the time series of the wave load acting on the moored ship during the passing process. 240 
The longitudinal distance dl is negative when the passing ship is behind the moored ship, and positive 241 
when the passing ship is in front of the moored ship. Some slight discrepancies are observed since Eq. 242 
(16) neglects the wave elevation effect whereas the wave disturbance at the free water free is considered 243 
in the present model. 244 
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 245 
Fig. 11. Time series of hydrodynamic forces acting on the moored ship, dt = 1.5B, u1 = 3.6 m/s, u2 = 0 m/s. (a) longitudinal 246 
force; (b) lateral force. 247 
The simulation results given by Jason et al. [24] are used here to check whether the present 248 
simulation tool is able to capture the far-field wash wave pattern. A combined Rankine/Kelvin source 249 
method was developed in [24], where the near-field and far-field wash waves were computed by the 250 
higher-order Rankine source and the Kelvin source, respectively (see Fig. 12). Fig. 13 shows the far-251 
field wash waves produced by a sailing Wigley ship in open calm water with forward speed Fn = 0.316 252 
(Fn = u/√𝑔𝐿, L is the ship length). Considering that the far-field wash wave was calculated with the 253 
Kelvin source [24] whereas the present model uses the linear Rankine source, the agreement is 254 
acceptable. 255 
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Fig. 12. Source distribution on the free surface. (a) Jason et al. [24]; (b) the present simulation. 257 
 258 
Fig. 13. Validation of wash wave cut at y = 0.75L, Fn = 0.316. 259 
4.2. Convergence study 260 
In this subsection, convergence study is conducted to investigate the effects of mesh size and 261 
simulation step time. Fig. 3 shows the arrangement of the two ships. The distance between the two ships 262 
are 40 m and the speed of the passing ship is Fn = 0.8. 263 
Two sets of meshes are generated on the free surface and the ship hull. The fine mesh size is 2 m × 264 
1 m (dx × dy, dx is the mesh length along X axis, and dy is the mesh length along Y axis), and the 265 
standard mesh size is 2 m × 2 m. The wash wave force acting on the moored ship obtained with the two 266 
sets of meshes are compared in Fig. 14, where a good agreement is observed. 267 
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Fig. 14. Time series of sway wash wave force. 269 
Time step convergence study is conducted because ship-passing-ship is by nature a moving 270 
boundary value problem and it is why the boundary formula is solved at each time step alongside with 271 
the update of free water surface. If the time step is too large then the calculation may become unstable 272 
and some critical times may be missed. Similarly, a fine time step (Δt = 0.5∙dx/u) and a standard time 273 
step (Δt = dx/u) are set respectively. Fig. 15 demonstrates the dependence of wash wave forces on the 274 
time step Δt. The two configurations of time step produce very similar estimations of the wash wave 275 
force. 276 
 277 
Fig. 15. Time series of sway wash wave force. 278 
Based on the convergence study, the standard mesh and the standard time step can acquire 279 
satisfactory calculation accuracy. Therefore, the standard configurations of mesh and time step are used 280 
in the following part. 281 
5. Transient response induced by wash waves 282 
Based on the hybrid numerical model presented in Section 2, this section will examine the transient 283 
response of the moored ship induced by the wash wave impact loads. The environmental conditions 284 
considered in the simulations are listed in Table 4. The simulation runs 400 seconds in each load case, 285 
and the wash waves arrive the moored ship at t = 200 s. The simulation time step is set to 0.01 s. 286 
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Table 4. Environmental conditions 287 
 Tp (s) Hs (m) β Fn dt (m) Wave condition 
C1 - - - 0.8 40 wash wave 
C2 9 0.3 150° 0.8 40 wash wave + irregular sea wave 
C3 8 0.2 90° 0.8 40 wash wave + regular sea wave 
C4 10 0.2 90° 0.8 40 wash wave + regular sea wave 
C5 14 0.2  90° 0.8 40 wash wave + regular sea wave 
C6 8 0.2 150° 0.8 40 wash wave + regular sea wave 
C7 8 0.2 90° 0.8 60 wash wave + regular sea wave 
C8 8 0.2 90° 0.6 40 wash wave + regular sea wave 
C9 8 0.2 90° 0.5 40 wash wave + regular sea wave 
 288 
5.1. Transient responses in calm water 289 
Fig. 16 displays the wash wave pattern throughout the passing process without the presence of sea 290 
waves. When the wash waves reach the port bank, they are reflected and propagate back to the 291 
transverse wave region. On the contrary, the wash waves on the other side are free to propagate outward. 292 
Three stages are identified during the passing process. In the first stage, the V-shape wash wave have 293 
not arrived the moored ship yet, so that the near-field water surface around the moored ship is still. As 294 
the passing ship continues advancing ahead, the moored ship enters the divergent wave region. It can 295 
be seen that the divergent wash waves are reflected at the starboard of the moored ship, implying that 296 
the moored ship is subject to the wash wave impact load. Finally, the divergent wave region passes by 297 
the ship in which stage the ship is surrounded by the transverse waves and the reflected divergent waves. 298 
 299 
Fig. 16.  Wash wave patterns (displayed in the body-fixed coordinate system), C1. (a) t = 200 s; (b) t = 211.6 s; (c) t = 223.3 300 
s. 301 
Fig. 17 plots the transient motions of the moored ship induced by the wash waves alone. When the 302 
wash waves reach, the moored ship is subject to impact load immediately. Typical decay-type responses 303 
are observed. After that, the ship decays gradually since the wash wave region has overtaken the moored 304 
ship. Due to the pre-tension of the hawsers, the mean sway position is non-zero. 305 
 306 
Fig. 17. Time series of ship motions, C1. (a) sway motion; (b) pitch motion. 307 
Transient effect is also observed in the fender compression force. As shown in Fig. 18, the 308 
compression force is initially stable at 200 kN to resist the pre-tension of the hawsers. During the 309 
transient stage, the fender also experiences decay-type response and returns to the initial state finally. 310 
 311 
Fig. 18. Time series of fender compression, C1. 312 
5.2. Transient response in irregular sea waves 313 
Fig. 19 displays the time series of ship motions under joint action of sea waves and wash waves. 314 
When the wash waves arrive, the surge motion increases obviously. During the subsequent duration, an 315 
obvious long period surge motion induced by the wash wave impact loads is observed. On the contrary, 316 
the transient effect on roll motion is not very observable. It is difficult to identify the transient motion 317 
from the time series. To figure out the ship motions in wash waves and stochastic sea waves, the time 318 
series of transient motions (from 200 s to 300 s) are analysed with fast Fourier transform (FFT) method 319 
to acquire the response spectrum. As shown in Fig. 20 (a), the surge motion is mainly stimulated at two 320 
frequencies. The major peak is found at 0.025 Hz, corresponding to the natural period of surge motion. 321 
It is consistent with the time series of surge motion, which is dominated by the long period response. 322 
Besides, a minor response peak at 0.11 Hz (the significant period of sea waves) is observed. Apparently, 323 
the response within this range is produced by the incident sea waves. Similar response feature is 324 
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identified in Fig. 20 (b). Nevertheless, a third response peak is found at 0.18 Hz. According to Fig. 14, 325 
the variation period of the wash wave impact loads is roughly 5 s. It indicates that the third response 326 
peak is stimulated by the wash waves. 327 
 328 
Fig. 19. Time series of ship motions, C2. (a) surge motion; (b) roll motion. 329 
 330 
Fig. 20. Response spectrum of ship transient motions, C2. (a) surge motion; (b) roll motion. 331 
Fig. 21 displays the time series of hawser 1 tension force. Once the ship is subjected to the wash 332 
waves, the mooring line tension varies violently and an obvious long period response can be identified. 333 
The FFT analysis results in Fig. 22 show a substantial response around the surge natural period, 334 
indicating that the resonant surge motion causes the hawser tension force. Additionally, sea waves 335 
induced response is identified around 0.12 Hz as well. The varying frequency of wash wave impact 336 
loads is also seen in the response of hawser tension force. The FFT analysis results show that the wash 337 
waves excite the resonant response of ship motions and decay-type motion will appear. The varying 338 
frequency of wash wave force can also be identified in the transient response. 339 
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Fig. 21. Time series of hawser 1 tension force, C2. 341 
 342 
Fig. 22. Response spectrum of hawser 1 tension force, C2. 343 
5.3. Transient responses in regular waves 344 
This subsection will investigate how the sea wave condition, the wash wave propagation distance 345 
and the passing ship speed influence the transient responses of the moored ship. Since the transient 346 
responses induced by the wash waves are more observable when the sea waves are monochromatic, 347 
regular sea waves are selected in this subsection. 348 
5.3.1. The influence of sea waves  349 
Fig. 23 displays the transient motions of the moored ship in regular waves. Under pure sea wave 350 
excitation, the ship motions are steady-state and sinusoidal. Due to the pre-tension of the hawsers, the 351 
mean roll position is not 0 deg. When the wash waves arrive, transient effect arises due to the impact 352 
loads produced by the wash waves. During the transient duration, the ship motions transfer to unsteady-353 
state and the response amplitudes increases accordingly. The transient effect on pitch motion is the most 354 
significant. The sea waves induced pitch motion is nearly invisible since the sea waves angle is 90°. 355 
Once the wash waves arrive, the pitch motion increases substantially and a decay-type motion is 356 
observed. The transient effect on sway motion is limited mainly attributed to the large stiffness of the 357 
fender, which absorbs the wash wave impact loads. 358 
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 359 
Fig. 23. Time series of ship motions in C3. (a) sway motion; (b) heave motion; (c) roll motion; (d) pitch motion. 360 
Since the ship is subjected to sea wave forces and wash wave forces in the transient stage, it can be 361 
assumed that the transient effect will become less significant if the sea wave forces are larger. According 362 
to the sea wave force response amplitude operator (RAO) shown in Fig. 24, the transient effect on roll 363 
motion should be the least pronounced in simulation case C3. However, the time series of roll motion 364 
shows the opposite results. Although the sea wave forces are the largest in simulation case C3, the 365 
transient effect is nevertheless the most significant (see Fig. 25). Therefore, the transient effect should 366 
be independent from the sea wave force amplitude. 367 
 368 
Fig. 24. RAO of roll wave moment. 369 
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Fig. 25. Times series of ship roll motions. (a) C3; (b) C4; (c) C5. 371 
Fig. 26 shows how the transient motions vary with the sea wave heading angle. When the sea wave 372 
heading angle changes from 90° to 150°, the steady-state motion amplitudes for sway, heave and roll 373 
modes are all reduced. At the same time, the transient effects become increasingly observable with the 374 
reduction of steady-state motions. On the contrary, the transient effect on pitch motion becomes less 375 
pronounced. It seems that the transient effect depends on the sea waves produced motions. When the 376 
sea waves produced motions are strong, the transient effect tends to be limited and vice versa. 377 
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 378 
Fig. 26. Time series of ship motions. (a) sway motion; (b) heave motion; (c) roll motion; (d) pitch motion. 379 
Apart from the ship, the hawsers are also subjected to wave impact loads (Please refer to Table 3 380 
and Fig. 9 for the arrangement of hawsers). The tensions are likely to exceed the breaking values if the 381 
ship transient movement is too large. Fig. 27 shows the mooring line tensions when the wash waves 382 
arrive the ship. The maximum tension force of hawser 3 is 75 kN and it jumps to 85 kN subjected to 383 
the wash waves. The transient effect seems to be more observable on the tension of hawser 3. According 384 
to the figuration of the mooring system (see Fig. 9), hawser 2 mainly bears the loads along Y direction. 385 
The wash wave impact is mostly offset by the fender (see Fig. 28) and impact load transferred to hawser 386 
2 is limited. 387 
 388 
Fig. 27. Time series of hawsers tensions, C3. 389 
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Fig. 28. Time series of fender force, C3. 391 
5.3.2. The influence of wash waves propagation distance 392 
The influence of wash waves propagation distance on the transient response is investigated by 393 
increasing parameter dt from 40 m to 60 m so that the wash waves will travel another 20 m to reach the 394 
moored ship. Fig. 29 displays the transient ship motions with different propagation distances. As shown, 395 
the characteristics of the two curves are very similar. The ship motions reach peak values at identical 396 
times regardless of the propagation distance. It seems that the propagation of the wash waves has a tiny 397 
influence on the ship transient motions.  398 
 399 
Fig. 29. Time series of ship motions with various lateral distances. (a) roll motion; (b) pitch motion. 400 
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Fig. 30 displays the time series of hawser 2 tension force when the wash waves arrive. Similarly, the 401 
transient effect does not decrease obviously with the propagation distance.  402 
 403 
Fig. 30. Time series of hawser tensions with various lateral distances. 404 
The propagation distance effect on the transient response is tiny, since the divergent wash waves 405 
dissipate little during the propagation process. Fig. 31 compares the wash wave patterns and Fig. 32 406 
shows the near-field wave elevation at the starboad of the moored ship (along the black line in Fig. 31), 407 
when the divergent waves just arrive the bow of the moored ship. It is shown that the wave patterns are 408 
similar and the divergent waves hardly dissipate even if travel a longer distance. Therefore, the transient 409 
responses in the two cases are similar to each other. 410 
 411 
Fig. 31. Wash wave pattern with different propagation distances (displayed in the body-fixed coordinate system). (a) dt = 40 412 
m (C3); (b) dt = 60 m (C7). 413 
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Fig. 32. Near-field wave elevation at the starboard of the moored ship. 415 
5.3.3. The influence of passing ship speed 416 
The ship motions with different passing ship’s forwards speeds are compared in Fig. 33. As forward 417 
speed of the passing ship drops, the transient ship motions reduce accordingly. The transient pitch 418 
amplitude in simulation case C3 is over 0.1 deg whereas this value drops to below 0.02 deg when the 419 
passing ship is travelling with Fn = 0.5. It is straightforward to understand such variation trend as the 420 
wash wave elevation drops if the forward speed becomes smaller. The divergent wash waves are very 421 
limited for low Froude number condition, in which case the energy is mainly carried by the transverse 422 
waves. 423 
 424 
Fig. 33. Times series of ship motions at different forwards speeds. (a) C3, roll motion; (b) C3, pitch motion; (c) C8, roll 425 
motion; (d) C8, pitch motion; (e) C9, roll motion; (d) C9, pitch motion. 426 
6. Conclusions 427 
A hybrid numerical model based on 3-D Rankine source method and impulse response theory is 428 
developed to address the transient response of a moored ship under sea waves and wash waves produced 429 
a passing ship. The wave-structure interaction is firstly simulated with the 3-D Rankine source method. 430 
Afterwards, a time-domain analysis is performed to simulate the transient response of the moored ship. 431 
The moored ship is subjected to significant wash wave impact loads even if the passing ship is 432 
travelling far away. Obvious transient effect is observed in ship motions and mooring line tensions. 433 
Decay-type response is observed during the transient duration. 434 
The transient effect is associated with the sea waves induced response. When the sea waves induced 435 
response is strong, the transient effect tends to be limited and vice versa. The propagation distance of 436 
wash waves seems to have little influence on the transient response. The transient response is sensitive 437 
to ship speed. Fast passing ship induces strong transient response of the moored ship. 438 
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